Vaccination with formalin-inactivated respiratory syncytial virus (FI-RSV) vaccine or RSV G glycoprotein results in enhanced pulmonary disease after live RSV infection. Enhanced pulmonary disease is characterized by pulmonary eosinophilia and is associated with a substantial inflammatory response. We show that the absence of the G glycoprotein or G glycoprotein CX3C motif during FI-RSV vaccination or RSV challenge of FI-RSV-vaccinated mice, or treatment with anti-substance P or anti-CX3CR1 antibodies, reduces or eliminates enhanced pulmonary disease, modifies T-cell receptor V␤ usage, and alters CC and CXC chemokine expression. These data suggest that the G glycoprotein, and in particular the G glycoprotein CX3C motif, is key in the enhanced inflammatory response to FI-RSV vaccination, possibly through the induction of substance P.
Respiratory syncytial virus (RSV) is the most common cause of lower respiratory tract infections in infants and young children (1, 50, 54, 59) . RSV can also cause serious lower respiratory tract disease in patients of any age with compromised immune, respiratory, or cardiac systems (7, 13, 14, 20, 26, 60, 62) . Despite the importance of RSV as a respiratory pathogen, there is presently no safe and effective RSV vaccine available. The first RSV vaccine trial with a formalin-inactivated RSV (FI-RSV) vaccine yielded disastrous results in young vaccinees who were subsequently naturally infected with RSV, as many developed enhanced pulmonary disease leading to hospitalization, and even to death in a few vaccine recipients (5, 17, 73) . This outcome prompted investigators to search for viral and/or host factors that may contribute to enhanced disease in the effort to ensure that RSV vaccines would be safe.
Studies with BALB/c mice have provided some indication of the mechanisms that may have contributed to FI-RSV-enhanced pulmonary disease. BALB/c mice vaccinated with vectors expressing G glycoprotein, purified G glycoprotein, or FI-RSV develop extensive enhanced pulmonary disease characterized by pulmonary eosinophilia, weight loss, exaggerated Th2-type cytokine responses, selective priming of V␤14 ϩ
CD4
ϩ T cells, and augmented substance P (SP) expression when challenged with RSV (23, 27, 51, 68, 70, 71) . Interestingly, the soluble form of the G glycoprotein has been shown to be most effective at sensitizing for enhanced disease (34, 35) . Studies from our laboratory comparing the immune responses to infection with wild-type RSV or an RSV mutant lacking the G and SH genes have shown that RSV G and/or SH glycoprotein expression alters pulmonary trafficking of innate immune cells (CD11b ϩ cells, polymorphonuclear cells [PMN] , and NK cells), Th1-and Th2-type cytokine patterns, and CC and CXC chemokine mRNA expression by bronchoalveolar lavage (BAL) cells and is associated with increased pulmonary SP expression (64, 67, 68) . In addition, recent studies from our laboratory have shown that the G glycoprotein contains a CX3C chemokine motif that interacts with the CX3C chemokine receptor CX3CR1, induces leukocyte chemotaxis, and facilitates virus infection (65) . These studies also showed that G glycoprotein can compete with fractalkine for binding to CX3CR1, as well as inhibit fractalkine-mediated leukocyte chemotaxis (65) , suggesting that RSV G glycoprotein has immune modulatory activities associated with the CX3C motif. Chemokines are important factors that control leukocyte function and are essential in mediating leukocyte trafficking and orchestrating cell activation and cytokine expression. There are four structural groups of chemokines, i.e., C, CC, CXC, and CX3C; each category has multiple members, with the exception of the CX3C subgroup, of which fractalkine is the only known member (2, 31, 72, 75) . Chemokines may interact with specific (i.e., single-ligand), shared (i.e., having multiple ligands of the same chemokine family), or promiscuous (i.e., having multiple ligands of different chemokine families) receptors (78, 79). CX3CR1 is a specific receptor for only fractalkine (6, 33) . Fractalkine is important in Th1-type cell and NK cell responses, as these cell types express high levels of CX3CR1, while Th2-type cells express low levels of CX3CR1 and do not readily respond to fractalkine (15) . Thus, inhibition of fractalkine-mediated immune responses by RSV G glycoprotein may alter Th1-type cell and NK cell responses and affect the pattern of cytokine or chemokine expression. Consistent with this possibility, BAL leukocytes from BALB/c mice infected with an RSV mutant lacking G and SH genes express increased Th1-type cytokines and increased CC and CXC chemokine mRNAs and have increased numbers of pulmonary NK cells compared to wild-type-infected mice (64, 67) .
G glycoprotein CX3C-CX3CR1 interaction may also affect other host components that participate in the response to RSV infection, including expression of SP. Neurons and some immune cells, e.g., dendritic cells and eosinophils, express CX3CR1 and are capable of SP expression (18, 19, 28, 29, 32, 37, 46) . CX3CR1 message is abundant in the lung (6), suggesting that CX3CR1 expression is important in signal transduction between the immune and nervous systems. Fractalkine, whose expression is enhanced by proinflammatory cytokines, including tumor necrosis factor alpha and gamma interferon (4, 15, 16, 44) , may interact with neurons that innervate the lung or with CX3CR1 ϩ cells inducing SP expression (47) . G glycoprotein may act through a similar mechanism, as BALB/c mice infected with RSV have enhanced pulmonary levels of SP compared to mice infected with an RSV mutant lacking the G and SH genes (68) . SP has diverse effects on the immune response that include exacerbating expression of proinflammatory mediators, mediating vascular extravasation of immune cells, and activating lymphocytes, macrophages, mast cells, and eosinophils (11, 36, 41, 55, 58, 69) . In addition, SP has been shown to break Th1/Th2 cytokine polarization and directly induce secretion of interleukin-2 (IL-2), gamma interferon, IL-4, and IL-10 from T lymphocytes (42, 43) . SP receptors are upregulated on CD4 ϩ and CD8 ϩ T lymphocytes and CD14 ϩ cells during the primary immune response to RSV infection in BALB/c mice, and SP receptors are expressed predominantly on CD4 ϩ T lymphocytes and CD43 ϩ cells during the secondary immune response to RSV infection or following RSV challenge of FI-RSV-vaccinated mice (63) . These results suggest that SP may affect the primary and secondary immune responses to RSV infection and the cellular response associated with enhanced pulmonary disease in FI-RSV-vaccinated mice. Consistent with this hypothesis, prophylactic or therapeutic treatment of RSV-infected BALB/c mice with anti-SP antibodies promptly reduces pulmonary cell trafficking and decreases the number of cells expressing proinflammatory cytokines (30) , suggesting that SP is an important component contributing to the inflammatory response associated with RSV infection.
In this study, we examine features of the immune response to RSV infection or FI-RSV vaccination that are associated with enhanced pulmonary disease. We address the significance of RSV strain differences, G and/or SH glycoprotein expression, and G glycoprotein CX3C-CX3CR1 interaction in the context of FI-RSV-enhanced disease. In addition, we examine CC and CXC chemokine expression, SP expression, and pulmonary leukocyte trafficking that are associated with the development of FI-RSV-enhanced pulmonary disease.
MATERIALS AND METHODS
Viruses and vaccine. RSV/A2 (A2) and RSV/B1 (B1) are wild-type strain A and B viruses, respectively. CP52, derived from B1, is an RSV mutant virus lacking the G and SH genes and was a kind gift of Brian Murphy, National Institutes of Health. Recombinant RSV derived from wild-type A2 (6340WT) and recombinant RSV lacking the G glycoprotein gene (6340⌬G), derived from 6340WT, were kind gifts of Peter Collins, National Institutes of Health. R10C7G, an RSV A2 point mutant having a Cys3Arg amino acid change at position 186 (56) , was a kind gift of Jose Melero, Instituto de Salud Madrid, Madrid, Spain. All of these viruses and the JS strain of parainfluenza virus 3 (PIV-3) were propagated in Vero cells (African green monkey kidney fibroblasts; ATCC CCL 81) maintained in Dulbecco's modified Eagle's medium (GIBCO Laboratories, Grand Island, N.Y.) supplemented with 2% heat-inactivated (56°C) fetal bovine serum (HyClone Laboratories, Salt Lake City, Utah). The viruses were propagated until there was a detectable cytopathic effect, and the medium was decanted and replaced with a minimal volume of serum-free Dulbecco's modified Eagle's medium. The flasks were freeze-thawed twice at Ϫ70 and 4°C, and the contents were collected and centrifuged at 4,000 ϫ g for 20 min at 4°C. The titer was determined by plaque assay on Vero cells by immunostaining (67) .
Formalin-inactivated RSV vaccine was prepared as described previously (67) . Briefly, 1 part formalin (Sigma, St. Louis, Mo.) was incubated with 4,000 parts clarified A2 or R10C7G lysate for 3 days at 37°C and pelleted by centrifugation for 1 h at 50,000 ϫ g. The volume of virus was adjusted to a 1:25 dilution of the original volume in minimal essential medium (GIBCO) and subsequently precipitated with aluminum hydroxide (4 mg/ml) (Sigma), resuspended at a 1:100 dilution of the original volume in serum-free minimal essential medium, and stored at 4°C.
Vaccination, virus challenge, antibody treatment, and BAL collection. Sixweek-old, specific-pathogen free, female BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, Maine). The mice were housed in microisolator cages and fed sterilized water and food ad libitum. Some of the mice were vaccinated with 0.1 ml of 10 6 PFU equivalents of formalin-inactivated RSV/A2 (FI-A2) or formalin-inactivated R10C7G (FI-R10C7G) in the superficial gluteal muscle and then rested for 4 weeks. On day Ϫ1 prior to challenge, a portion of the mice were treated intraperitoneally with 100 g of rabbit anti-SP antibody (Accurate Chemical and Scientific Corp, Westbury, N.Y.), normal rabbit antibody (Accurate Chemical and Scientific Corp.), or rabbit anti-CX3CR1 antibody (Alexis Biochemicals, Lausen, Switzerland) diluted in phosphate-buffered saline (PBS). Naive and vaccinated mice were challenged intranasally with 10 6 PFU of live A2, B1, CP52, PIV-3, or R10C7G virus diluted in PBS (GIBCO). At various time points postinfection (p.i.), mice were anesthetized and exsanguinated by severing the right caudal artery, and the BAL leukocytes were collected by lavaging the lungs three times with 1 ml of PBS. The virus titers associated with A2, B1, CP52, or R10C7G infection were determined. Briefly, lungs were aseptically removed from three mice per group at 40 h p.i., and stored at Ϫ70°C until assay. Identical weights (0.1g of tissue) of individual lung samples were homogenized in 1 ml of Dulbecco's PBS (GIBCO), and 10-fold serial dilutions of the lung homogenates were subsequently added to confluent Vero cell monolayers. Plaques were enumerated by immunostaining as previously described (67) . No significant differences in virus titers between the infection groups were observed at 40 h p.i. Virus titers ranged 5.0 to 5.6 log 10 PFU/g of lung tissue.
Portions of the BAL cells were stained with hematoxylin and eosin (H&E), and the percentages of lymphocytes, PMN, eosinophils, and macrophages were determined. For H&E studies, between 200 and 500 cells/BAL sample were examined and scored as lymphocytes, PMN, eosinophils, or macrophages based on morphological and staining features of the cells.
For T-cell receptor (TCR) V␤ studies, 6-week-old, specific-pathogen free, female BALB/c mice purchased from Jackson Laboratories were vaccinated with 0.1 ml of 10 6 PFU equivalents of FI-A2 and rested for 4 weeks, and then age-matched naive or FI-A2-vaccinated mice were challenged intranasally with 10 6 PFU of live 6340WT, 6340⌬G, or R10C7G. The BAL cells were isolated at 7 days postchallenge for analysis.
RNA isolation and multiprobe RPA. RNase protection analysis (RPA) of extracted BAL cell RNA was performed according to the methods described by BD PharMingen (San Diego, Calif.) and as previously described (64) . Briefly, BAL cells were pelleted by centrifugation, and the supernatant was decanted. The cell pellet was resuspended in 300 l of PBS (GIBCO) and used for RNA extraction. Total RNA was extracted by using RNA STAT-50 LS as described by the manufacturer (TEL-TEST Inc., Friendswood, Tex.) and precipitated with isopropanol. RNA-isopropanol pellets were resuspended in RNase-free water (TEL-TEST Inc.) and stored at Ϫ70°C.
Chemokine mRNA expression in BAL cells was detected by RPA with the RiboQuant MultiProbe RPA system (BD PharMingen).
32 P-labeled antisense RNA probes were synthesized in an in vitro transcription reaction from DNA templates representing specific chemokine gene sequences of distinct length. Probes specific for macrophage inflammatory protein 1␣ (MIP-1␣), MIP-1␤, MIP-2, and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene were synthesized in the same reaction. Five micrograms of RNA was mixed with 3.1 ϫ 10 5 cpm of 32 P-labeled antisense RNA probe set and allowed to hybridize in solution phase overnight at 56°C. After incubation, the free probe and single-stranded RNA were digested with RNase A. The remaining, RNase-protected probe fragments were purified by phenol-chloroform extraction and resolved on denaturing polyacrylamide gels by using the QuickPoint rapid nucleic acid separation system (NOVEX, San Diego, Calif.). Probe bands were identified and chemokine expression was quantified by Typhoon 9410 variable-mode imaging.
Quantitation of SP. SP levels in cell-free BAL supernatant were analyzed by using a competitive enzyme-linked immunoassay kit (Cayman Chemical, Ann Arbor, Mich.) in accordance with the manufacturer's instructions and as previously described (68) . The assay is based on the competition between free SP and an SP tracer for a limited number of SP-specific binding sites. The percent sample bound/maximum bound was calculated, and the SP concentration in each sample was determined based on the percent standard bound/maximum bound versus standard SP concentration. The intra-and interassay coefficients of variation were Յ 10%.
Flow cytometry. BAL cells were blocked with 10% normal mouse serum (Jackson Laboratories) in PBS and then stained with the appropriate combinations of fluorescein isothiocyanate-or phycoerythrin-labeled anti-CD3ε (145-2C11), anti-CD45R/B220 (RA3-6B2), anti-pan NK cell (DX5), anti-neutrophil (RB6-8C5), anti-CD11b (M1/70), and mouse isotype antibody controls (all from PharMingen) as previously described (66, 67) . For TCR V␤ analysis, blocked BAL cells were costained with fluorescein isothiocyanate-or phycoerythrinlabeled anti-CD4 (RM4-5) and either anti-V␤4 (KT4), anti-V␤6 (RR4-7), anti-V␤7 (TR310), anti-V␤8 (MR5-2), anti-V␤9 (MR10-2), anti-V␤10 (B21.5), anti-V␤13 (⌴⌹12-3), or anti-V␤14 (14-2) monoclonal antibodies (all from PharMingen). The distribution of cell surface markers was determined in twocolor mode on a FACScan with CellQUEST software (Becton-Dickinson, Mountain View, Calif.) from Ͼ10,000 lymphocyte-gated events.
Statistical analysis. BAL cells were pooled from four to six animals per time point per experiment in three to six separate experiments, except for multiprobe RPA and TCR V␤ studies, in which BAL cells were pooled from four animals per time point per experiment in two separate experiments. Statistical significance was determined by Student's t test, where a P value of Ͻ0.05 was considered statistically significant.
RESULTS
Pulmonary cell numbers are affected by G and/or SH glycoprotein expression, SP expression, and G glycoprotein CX3C-CX3CR1 interaction. To determine if RSV strain differences, G and SH glycoprotein expression, or the G glycoprotein CX3C motif affected the total number of BAL cells that trafficked to the lungs, either untreated, normal rabbit serum (NRS)-treated, or anti-SP antibody-treated FI-A2-or FI-R10C7G-vaccinated mice were challenged with A2, B1, CP52, PIV-3, or R10C7G (Fig. 1) . The A2 and B1 viruses are wildtype A and B strains of RSV, respectively. CP52, derived from B1, is an RSV mutant virus lacking the G and SH genes (39) . R10C7G is an A2 point mutant lacking an intact CX3C motif; i.e., the Cys at amino acid position 186 has been changed to an Arg (56) . All treatments of FI-A2-vaccinated mice gave similar results, with the exception of CP52 challenge, which gave a marked increase in BAL cell numbers at 40 h postchallenge, and the anti-SP and anti-CX3CR1 antibody treatments, which were associated with decreased BAL cell numbers at most time points postchallenge. Slightly lower levels of pulmonary cell infiltration occurred in FI-R10C7G-vaccinated mice challenged with A2 compared to similarly challenged FI-A2-vaccinated mice; however, the total cellular infiltration was similar in FI-R10C7G-vaccinated mice following A2 or R10C7G challenge. As expected, challenge with PIV-3 and virus-free cell lysate gave the lowest number of BAL cells.
The level of pulmonary SP in cell-free BAL supernatant following treatment was determined (Fig. 2) . Higher levels of pulmonary SP were detected in BAL supernatants from FI-A2-vaccinated mice challenged with RSV that expressed the G glycoprotein, e.g., A2 or B1, than in those from FI-A2-vaccinated mice challenged with viruses that lacked the G gene, e.g., CP52, PIV-3, or the G glycoprotein CX3C motif (e.g., R10C7G). As expected, anti-SP antibody treatment considerably reduced pulmonary SP levels. These results are consistent with our previous studies that indicated a role for SP in the inflammatory response in FI-RSV-immunized mice and a link between G glycoprotein and SP expression (68) .
Pulmonary eosinophilia is associated with G glycoprotein CX3C-CX3CR1 interaction and is reduced by anti-SP or anti-CX3CR1 antibody treatment. Pulmonary eosinophilia is a hallmark of FI-RSV vaccine-enhanced disease in BALB/c mice (22, 51) , and thus we examined the BAL cell types that trafficked to the lungs of untreated, NRS-treated, or anti-SP antibody-treated FI-A2-vaccinated mice challenged with A2 or B1 (Fig. 3) . Macrophages were the predominant BAL cell type with all treatments. In FI-A2-vaccinated mice challenged with A2 or B1, there was prominent pulmonary eosinophilia (Figs. 3A to D), as predicted from previous studies (67) . FI-A2-vaccinated mice treated with anti-SP antibody had reduced pulmonary eosinophilia compared to untreated or NRStreated mice and had reduced numbers of lymphocytes and PMN ( Fig. 3E and F ), also consistent with previous studies (68) .
The role of G glycoprotein and G glycoprotein CX3C-CX3CR1 interaction in the development of enhanced disease was examined in untreated, NRS-treated, anti-SP antibodytreated, and anti-CX3CR1 antibody-treated FI-A2-vaccinated mice challenged with CP52, A2, or R10C7G (Fig. 4) . As predicted from earlier studies (67), CP52 challenge of untreated, NRS-treated, or anti-SP antibody treated FI-A2-vaccinated mice did not induce pulmonary eosinophilia (Fig. 4A and B ) compared to A2-or B1-challenged FI-A2-vaccinated mice (Fig. 3) ; however, PMN numbers in the lung were increased in NRS-treated mice. Similarly, R10C7G challenge of FI-A2-vaccinated mice did not induce pulmonary eosinophilia (Fig. 4E) , suggesting an important role for the G glycoprotein CX3C motif in the induction of pulmonary eosinophilia. In addition, anti-CX3CR1 antibody treatment considerably reduced pulmonary eosinophilia in FI-A2-vaccinated mice challenged with A2 (Fig. 4D) , and as expected, PIV-3 challenge of FI-A2-vaccinated mice did not induce pulmonary eosinophilia.
To determine if the G glycoprotein CX3C motif contributed to the memory response associated with FI-RSV-enhanced disease, untreated, NRS-treated, and anti-CX3CR1 antibodytreated FI-R10C7G-vaccinated mice were challenged with A2 or R10C7G (Fig. 5) . No pulmonary eosinophilia was detected following any treatment, suggesting that the G glycoprotein CX3C motif is important in sensitizing for pulmonary eosinophilia.
As an indicator of severity of illness, body weights of FI-A2-vaccinated mice were measured before and at 40 h after A2, B1, CP52, or R10C7G challenge. There was a 15 to 22% decrease in body weight of FI-A2-vaccinated mice challenged with A2 or B1 but a considerably smaller decrease in body weight of FI-A2-vaccinated mice challenged with CP52 or R10C7G (8 to 16%). Similarly, A2-challenged FI-A2-vaccinated mice treated with anti-CX3CR1 antibody had less body weight loss (9 to 17%) than NRS-treated mice (12 to 24%). FI-R10C7G-vaccinated mice challenged with A2 or R10C7G also showed less body weight loss (8 to 17%), which was unchanged by the anti-CX3CR1 antibody treatment (10 to 18%). Collectively, these results suggest that disease severity may be affected by expression of the G and/or SH glycoprotein or by G glycoprotein CX3C-CX3CR1 interaction.
Pulmonary cell trafficking associated with G and/or SH glycoprotein expression and G glycoprotein CX3C-CX3CR1 interaction. The cell types that trafficked to the lungs of untreated, NRS-treated, or anti-SP or anti-CX3CR1 antibodytreated FI-A2-vaccinated mice were examined following challenge with A2, B1, CP52, PIV-3, or R10C7G. The treatments associated with significant cell trafficking differences are shown in Table 1 . The greatest difference occurred in FI-A2-vaccinated mice challenged with CP52, in which higher numbers of increased pulmonary trafficking of DX5 ϩ cells and is consistent with our previous findings (68) . To address the association between CX3C-CX3CR1 interaction and pulmonary cell trafficking, FI-A2-vaccinated mice were treated with anti-CX3CR1 antibody. Anti-CX3CR1 antibody treatment was associated with decreased CD3
ϩ cell trafficking at all time points examined and with decreased trafficking of DX5 ϩ and RB6-8C5 ϩ cells at various time points p.i., suggesting that CX3C-CX3CR1 interaction is important in pulmonary recruitment of these cell types.
To determine if the G glycoprotein CX3C motif affects the memory response associated with FI-RSV vaccination, the cell types that trafficked to the lungs in untreated, NRS-treated, or anti-CX3CR1 antibody-treated FI-R10C7G-vaccinated mice challenged with A2 or R10C7G were examined (Table 2) . Anti-CX3CR1 antibody treatment had the greatest effect on cell trafficking, principally reducing CD3 ϩ and DX5 ϩ cell trafficking; however, DX5 ϩ and RB6-8C5 ϩ cell trafficking increased at 40 h postchallenge. Interestingly, increased numbers of DX5 ϩ cells trafficked to the lungs of R10C7G-challenged mice between 18 and 40 h p.i., and increased RB6-8C5
ϩ cells trafficked at 40 h p.i., suggesting that the G glycoprotein CX3C motif affects sensitization of the pulmonary cell response during FI-RSV vaccination. 
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CD4
؉ TCR V␤ usage is affected by G glycoprotein expression or by the G glycoprotein CX3C motif. The T-cell epitope in G glycoprotein associated with enhanced pulmonary disease is dominated by TCR V␤14 ϩ usage by CD4 ϩ T cells (71) . To address whether the G glycoprotein or G glycoprotein CX3C motif affected CD4 ϩ TCR V␤ expression in the primary immune response to RSV infection, naive mice were infected with RSV (6340WT), with an RSV mutant virus lacking the G FIG. 3 . The BAL cell types in the lungs of untreated FI-A2-vaccinated mice challenged with A2 (A) or B1 (B), challenged with A2 or B1 and treated with NRS (C and D, respectively), or challenged with A2 or B1 and treated with anti-SP antibody (E and F, respectively), were determined at 8, 18, 24, and 40 h after A2 or B1 challenge. The mean percentage of each BAL cell type (Ϯ standard error) was determined by H&E staining and microscopic visualization from three independent experiments examining three mice per treatment. LYM, lymphocytes; EOS, eosinophils; MAC, macrophages. gene (6340⌬G), or with RSV lacking the G glycoprotein CX3C motif, R10C7G, and TCR V␤ expression by BAL cells was examined at day 7 p.i. (Fig. 6A) . 6340WT infection was associated with high TCR V␤8, V␤9, and V␤14 expression and with lower TCR V␤4, V␤6, V␤10, and V␤13 expression (Fig.  6A) . In contrast, high TCR V␤6 expression and considerably lower TCR V␤9 and V␤14 expression followed 6340⌬G or R10C7G infection, suggesting that the G glycoprotein or G glycoprotein CX3C motif affects CD4 ϩ TCR V␤ expression. CD4
ϩ TCR V␤ expression in FI-RSV-vaccinated mice challenged with 6340WT, 6340⌬G, or R10C7G was considerably different (Fig. 6B ) from the primary immune response to RSV infection (Fig. 6A) . Following 6340WT challenge, TCR V␤8 expression was dominant, with high TCR V␤6 and V␤14 expression and some increase in TCR V␤9 and V␤10 expression. Challenge with R10C7G resulted in a similar pattern of increase in TCR V␤ expression, but to lower levels than with 6340WT. In contrast, there was minimal TCR V␤ expression, with the exception of some increase in V␤6 expression, following 6340⌬G challenge. These data suggest that the CD4 ϩ TCR V␤ response is affected by G glycoprotein expression and the G glycoprotein CX3C motif.
CC and CXC chemokine mRNA expression is modified by G glycoprotein expression, the G glycoprotein CX3C motif, and CX3C-CX3CR1 interaction. The type of inflammatory cell infiltrate in the lungs is associated with the pattern of chemokines expressed, and RSV G glycoprotein expression has been linked to altered CC (MIP-1␣ and MIP-1␤) and CXC (MIP-2) chemokine mRNA expression by BAL cells (64) . CC and CXC chemokine mRNA expression by BAL cells was examined in untreated, virus-free Vero cell lysate-treated, NRS-treated, and anti-SP or anti-CX3CR1 antibody-treated FI-A2-or FI-RC10C7G-vaccinated mice between 8 and 40 h postchallenge with A2, B1, CP52, or R10C7G. The treatments associated with the greatest difference in chemokine mRNA expression are shown in Tables 3 and 4 . Consistent with our previous studies (64) , BAL cells expressed increased MIP-1␣, MIP-1␤, and MIP-2 mRNAs at 8 h after CP52 challenge of NRS-treated FI-A2-vaccinated mice, and MIP-2 mRNA expression was reduced by anti-SP antibody treatment (Table 3 ). These data suggest that G and/or SH glycoprotein expression during RSV challenge alters CC and CXC chemokine mRNA expression.
At 40 h postchallenge, anti-CX3CR1 antibody treatment of FI-A2-vaccinated mice was associated with increased MIP-1␣ and MIP-2 mRNA expression by BAL cells from A2-challenged mice (Table 3) . Similarly, MIP-1␣ and MIP-2 mRNA expression was increased in NRS-treated FI-A2-vaccinated mice challenged with R10C7G, suggesting that G glycoprotein CX3C-CX3CR1 interaction modifies MIP-1␣ and MIP-2 mRNA expression. Interestingly, anti-SP antibody treatment reduced MIP-1␣ and MIP-2 mRNA expression by BAL cells from R10C7G-challenged mice, suggesting a role for SP modulation of the chemokine response.
To address whether absence of the G glycoprotein CX3C motif during vaccination affects CC or CXC chemokine expression, mice were vaccinated with FI-R10C7G, treated with NRS or anti-SP or anti-CX3CR1 antibody, and challenged with A2 or R10C7G (Table 4) . At 40 h after A2 challenge, BAL cells from NRS-treated FI-R10C7G-vaccinated mice expressed higher levels of MIP mRNAs (Table 4 ) than BAL cells from similarly challenged FI-A2-vaccinated mice (Table 3) , suggesting that the G glycoprotein CX3C motif affects expression of MIPs. Interestingly, anti-SP antibody treatment reduced MIP mRNA expression, and anti-CX3CR1 antibody treatment reduced MIP-1␣ and MIP-1␤ mRNA expression. Consistent with the findings for R10C7G challenge of NRS-treated FI-A2-vaccinated mice (Table 3) , BAL cells from NRS-treated FI-R10C7G-vaccinated mice challenged with R10C7G expressed high levels of MIP-1␣ and MIP-2 mRNAs that were decreased in anti-SP antibody-treated mice.
DISCUSSION
FI-RSV vaccination or G glycoprotein sensitization is linked with enhanced inflammation in BALB/c mice challenged with live RSV (21, 22, 24, 49, 51) . The mechanisms that contribute to this process are not fully defined. In this study, we present data that indicate that the G glycoprotein, and in particular the G glycoprotein CX3C motif, contributes to FI-RSV vaccine disease through a process that may be associated with the induction of SP. We have previously shown, and confirm in this study, that the absence of the G and SH glycoproteins in the challenge virus given to FI-A2-vaccinated mice reduces pulmonary expression of SP, enhances MIP mRNA expression in BAL cells, and does not induce pulmonary eosinophilia. In this report, we expand these observations to show that challenge viruses given to FI-A2-vaccinated mice that lack the G glycoprotein or an intact G glycoprotein CX3C motif similarly fail to induce pulmonary eosinophilia. The link to the G glycoprotein CX3C motif and FI-RSV vaccine disease is further substantiated by the results showing that antibodies that block G glycoprotein CX3C-CX3CR1 interaction, i.e., antibodies against CX3CR1, block pulmonary eosinophilia in FI-A2-vaccinated mice challenged with A2. Importantly, the CX3C site also appeared to affect the memory response that predisposed to eosinophilia; i.e., mice vaccinated with FI-RSV from a strain of RSV that lacks an intact CX3C site did not develop pulmonary eosinophilia when challenged with A2. The G glycoprotein CX3C site was also linked to weight loss, suppression of pulmonary MIP mRNA expression, elevated SP levels, and patterns of TCR V␤ usage. Previously, several T-cell epitopes in the central conserved region of the G glycoprotein have been associated with sensitization for enhanced disease (61) . Interestingly, these regions contain or are proximal to the CX3C motif, i.e., amino acids 182 to 186 in the G glycoprotein. We have previously shown that G glycoprotein CX3C binds to CX3CR1, and this interaction induces leukocyte chemotaxis (65) . The mechanisms by which CX3C-CX3CR1 interaction contributes to FI-RSV-enhanced disease are yet to be fully understood, but they may be linked to induction of pulmonary SP expression. Our data suggest that G glycoprotein induction of SP is linked to G glycoprotein CX3C-CX3CR1 interaction, and treatment with anti-SP antibody reduces G glycoprotein-associated enhanced pulmonary eosinophilia. It is possible that the G glycoprotein CX3C motif interacts with CX3CR1 expressed on neurons and some immune cells in the lung (18, 19, 28, 29, 32, 37, 46) , inducing excitatory effects that mediate the release of SP. Pul- (63) . G glycoprotein CX3C-CX3CR1 interaction may also modify the activities of CX3CR1 ϩ cells. We have previously shown that G glycoprotein and 12-mer G glycoprotein CX3C peptides can compete with fractalkine for CX3CR1 binding and alter fractalkine-mediated responses (65) . Fractalkine has been shown to be important in chemoattraction and activation of dendritic cells (8, 25, 38, 52) . Thus, G glycoprotein CX3C-CX3CR1 interaction may modify dendritic cell recruitment or activation and affect the associated molecular or chemical signals important in T-cell activation, including MIPs and SP (10, 41, 53) . Consistent with this hypothesis, we show that MIP mRNA expression by BAL cells is altered by the G glycoprotein CX3C motif or CX3C-CX3CR1 interaction. A potential effect that may be linked to modified MIP-1␣ or MIP-1␤ mRNA expression is altered eosinophil trafficking, as these chemokines have been shown to facilitate eosinophil trafficking (3, 9, 40, 45, 48, 57, 76) . Importantly, we show that the absence of the G glycoprotein CX3C motif or CX3C-CX3CR1 interaction during FI-RSV vaccination or RSV challenge reduces or eliminates pulmonary eosinophilia and decreases pulmonary SP expression. MIP expression also appears to be important in the development of FI-RSV-enhanced disease, as MIP-1␣ has been shown to activate STAT1 (74) and STAT1 has been implicated in enhancement of illness associated with RSV infection (12) .
The results of this study underscore the importance of understanding the host response to viral proteins being considered as vaccine candidates. The results show that enhanced disease associated with FI-RSV vaccination may be reduced by eliminating G glycoprotein expression, the G glycoprotein CX3C motif, or CX3C-CX3CR1 interaction. This study suggests new approaches for development of inactivated RSV vaccines and for treatments for RSV disease. Vaccinated BALB/c mice were challenged with A2, B1, CP52, or R10C7G and treated with NRS, anti-SP antibody, or anti-CX3CR1 antibody as indicated. BAL cells from three or four mice per experiment were collected at 8 or 40 h postchallenge or after virus-free Vero cell lysate control treatment, the mRNA was isolated, and chemokine expression was quantified by Typhoon 9410 variable-mode imaging. Mean band density ratios were determined for CC or CXC chemokine mRNA expression in three separate experiments by dividing the mean band density of GAPDH housekeeping gene expression by the mean band density of the chemokine.
b Virus-specific increases in CC or CXC chemokine mRNA expression are shown and were determined by dividing the mean band density ratio for Vero cell lysate treatment by the mean band density for the virus treatment. Boldface values indicate a significant difference (P Ͻ 0.05). 
